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1. INTRODUCTION

The infrared region of the spectrum is a very interesting and important one for the study of ex-
tragalactic backgrounds, both galaxian and pre-galactic. This review concentrates on backgrounds
from protogalaxics and galaxies. Dectailed discussions of many possible pm-galactic backgrounds
have recently been presented by Bond, Carr and Hogan (1986, 1991); sce Carr (1992) for a recent
review of these and Wright et al. (1 993) for a summary of how well some of themn have faredin
light of the most recent COBE observational results. 1 will concentrate onthe approximate wave-
length range 10 to 500pm since both thenecar-infrared and the submillimeter range arc discussed
by others.

The infrared spectral region is a good place to look for detectable backgrounds from the inte-
gratedlight of galaxies and protogalaxics for several reasouns. First, young galaxies and protogalax-
ics may have been relatively much more luminous at far-infrared wavelengths, compared to the
optical-US, than galaxies at the present epoch. Metallicity canincrease rapidly during the early
cvolution of galactic systems, and if dust formation follows suit the dust optical depth and the
far-inifrared luminosity can rise dramatically at the expense of the obscured optical-UV luminosity
(Wang 1991a,b; Lonsdale 1992; Mazzei, De Zotti and Xu 1993).

Figure 1 illustrates a second reason for theimportance of the infrared region to background
studies of galaxies and protogalaxics: the prominent “windows” betweenthe various foregrounds
and the cosmic inicrowave background radiation (CMB). This figure is similar to several which
have beenshown already at this meeting, depicting the intensity v1, in W/em?/sr. The main
foregrounds inthe infrared spectra] regionshownin Figure 1 arc the zodiacal light which peaks
near 1yun and fals into the far-infrared, theinterplanctary dust (1P1) emission peaking near 104,
and the interstellar dust (1SD) peaking beyond 100yum. There are two maininfrared “windows”:
one near 3y and the second a about 300/Ire.”

It is not simply the existence of these windows that marks theirimportance, but also the fortu-
nate chance that they happen to coincide very nicely with the two prominent peaks in the spectral
energy distributions of moderate-to-highredshift galaxies: the stellar spectral energy distribution
of nearby galaxies peaks near 1yan, thus movesinto the 3jan window with increasing redshift, while
the dust rc-emission peak of ISM-rich galaxies peaksnear 60 to 100;:m, moving into the 300pum
window withincreasing redshift. Thusthere is a rich hunting ground forthe integrated stellar light
of galaxies inthe near-infrarcd window, and another oneforthe dust cimission of galaxies inthe




fi~r-infrared window. Conversely it will be difti cult to ever ]ncasure the integrated light of galaxies
or protogalaxics in the 5 to 30um region unless spacecraft can be sent to the more distant reaches
of the solar system where the interplanetary dust emission is much reduced.

Another reason why the infrared spectral region is one of the most valuable for studying the
background light due to galaxies is that there is a strong positive far-infrared K-correction with
redshift. Unlike the situation in the UV through near-infrared spectral region, theenergy distri-
butions of galaxies at A2 80um fall with increasing wavelength with a very steep dependence on
A, therefore at longer wavelengths than this the 1{-correction can almost counter the cosinological

effects of luminosity distance and surface brightness dimming so that the apparent flux density at
a fixed observing frequency has little dependence on distance.

The same eflect holds to a more
limited extent in the 3-- 20pum region.
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Figure 1. Theinfrared fore.grou]lds and COBY limits. The solid curve is the cosmiciicrowave
background (CMB) radiation, and the other three curves are various foregrounds, as derived by
Beichman and Helou (1991; C. Beichman, private communication): the dotted curve is the reflected
solar zodiacal cmiission, the clot-dash curve thethermal emission frominterplanctary dust, andthe
dashed curve the thermal emission from interstellar dust scaled to a brightuess of 1, (100an) - 1

MJ y/sr, which is representative of the typical sky brightnessinregions of the weakest cirrus emission
at high galactic. latitude. T'he lower snort heavy solid line illustrates the maximum deviation fiom
the CMB measured by FIRAS (Mather ¢f al.1993), 3.4x 10" 8crg cm- s Vsr ' amn, which

is 0.03% of the peak of the CMB spectrum, while the upper line represents an estimate of this

maximum deviation adopting amore conservative galactic. foreground subtraction]] (sectext). The
solid squares depict the DIRBI limits at the northecliptic pole, as discussed by M. Hauser

note
thatthese do not include any subtraction of the galactic or zodiacal foregrounds.

Finally, it is possible that intervening galaxies may produce suflicient obscurationto eliminate
optically-selected background quasars from flux-limited samples (Ostriker and Heisler 1984; Wright
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1990; FallandPei 1993), especially if therehasbeenstrong evolution of the dust optical depth
(Wang1991a,b; Mazzei et al. 1993). It is therefore also possible that such an effect will obscure
background young galaxies and protogalaxics. At fiir-infrared wavelengths, not only will the ob-
scurationbe low enoughtobeinsignificant, but the dust which is responsible for extinguishing the
optical-UV light will re-emit this light inthe far-infrared andsubmillimeter,

Mike Hauser has given us an excellent summary of the observational results on the infrared
backgrounds. For the purposesof mmy discussion of the theoretical backgrounds expected from
galaxies and protogalaxies, 1 suinmarise 011 Figure 1 the most recent observational limits from
DIRBI and FIRAS on COBE. As Mike has described, the DIRBE data do not yet include any
foreground subtraction, pending the very diflicult task of modelling the galactic emission i1\ detail.
The spectacular FIRAS results of Mather et al. (1993) do include a galactic foreground subtraction,
and have a maximum deviation from the CM B black body spectrum inthe 2 - 20 cm ! region of
0.03% of the peak of the CMB spectrum. However, as Wright efal. (1993) have noted, this
foreground subtraction is not app ropriate for modelling the cosmological backgrounds due to the
integrated light of galaxiesbecausethe backgrounditself is expected to have aspectral shape similar
to that of the galaxy, thus the “galactic foreground>' that has been subtracted could include some
cosinological background. Wright et al. used a csc|b| method of galactic foreground subtraction
to avoid this problem,and from theirintegrated galaxy light mode.] fits | estimate a maximum
deviation of about twice that inferred by Mather et al.. This is illustrated by the upper of the two
heal’~" solid linesinligure 1.

2. INTEG RATED INFRARED EMISSION 01( GALAXIES

IRAS Las shown us that the fiir-infrared cmission of galaxies inthe local universe constitutes a
large fraction, ~ 30%, of the total energy output of normal galaxies, andthat for some starburst
and active galaxies the{ar-infrared fraction canbe muchhigher (see lonsdale 1992 and references
therein). It follows by analogy to derivations of the expectedintegratedlight inthe optical band
(eg. Partridge and Peebles 1 967) that t he integrated light of galaxies inthe infrared region can
be expected to be at least a few percent of the peak of the CMB. Hacking, Condon and Houck
(1987) found evidence for strong luminosity and/or density evolution of IRAS galaxies, at a ratc
comparable to that of quasars, whichfurther enhancestheexpectedintegratedbackground radiation
(see also I'ranceschiniet al. 1988b; LLonsdale and Hacking 1989; Lonsdale ¢t «l 1990; Saunders ¢!
al. 1990; Hacking and Soifer 1991 ).

The simplest kind of model for theintegrated emission of galaxies involves taking a local lumi-
nosity function (LI) and a functional form for the evolutionary law, andextrapolating backwards
intime to match the obscrved flux and redshift distributions of deep galaxy samples in a particu-
lar wavelength band. T'he model distributions are then integrated over flux and redshift, to some
maximum redshift, z,, 4., to derive a backgroundintensity. Inmany models the entire tuminosity
function is fixedin shapcandit translates cnimasscinluminosity and/or density at the given rate.
Such models are called translational models, andthey were originally proposed for the evolution
of radio sources and quasars. ‘T'he physical interpretation of such evolution involved an increas-
ing luminosity of AG N with lookback time for luminosity evolution, or anincreasing fraction of
galaxies possessing AG N at carlier times for density evolution. Inthecontext of far-infrared bright
galaxics, power law translational evolution would describe an increasing luminosity of starbursts
and/or AGN with lookback time, or anincreasing fraction of galaxies undergoing starburst episodes
and/or AGN events with lookback time. Thus thiskind of evolution isnot well suited for describing,




the recently popular merging scenarios, in which smaller galaxies merge to form larger ones - such
scenarios implicitly involve evolution of the shape of the luminosity function.

A summary of the parametric. models of the far-infrared backgroundthat have been published
based on translation] evolution is givenin the upper panel of Table 1. The wavelengths or wave-
length range modelled, the cosmology, andzy.., adopted by these various authors is given. The
parameters «, 8, and Q definc the paramectric form of the assumed evolution behavior of the LI°
with redshift, as follows
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describing power law luminosity and density evolution, respectively, where pe. isthe co-moving
density, and:

L) = L(to) " (-0 3)
for exponential luminosity evolution. For =1, (#(2)/to) = (1 42)~3/? defining the relation usecd
by Oliver etal. (1992): L(1) = L(to) exp{2/3Q[1 — (1 4 2)~3/2)}.

Forthe first four models in ‘1'able 1 al galaxies comprising thel.]"are allowed evolve at the
same rate, while the model of Iranceschinietal. (1 991) allows for three galaxics types to evolve
atl different rates. The mode] of Treyer and Silk is diflerent innature from the others inthat they
do not allow the luminosity function of “normal” galaxies to evolve with time, but acid a new
population of dwarf galaxies whose characteristic space density, ¢* (Mpc™ 3), is the parameter that
evolves:

¢y, = 6.0x10° 2(-0;7 4 )73 (4)

where h=Hg in units of 100 km/s/Mpc. This model is designed to explain the steepness of the
observed blue number counts of galaxies with a population of dwarf galaxies which is presentatz
= 0.7 but has faded to invisibility bythe current cpoch. Treyerand Silk also investigate amodel
based on the number density evolution of dark matter halosinacold dark matter scenario, which
predicts a large adundance of low-mass halos. The integrated background light produced by this
model is very similar to that, of the blue dwarf modecldescribed by equation (4).

A diflerent kind of model assumes that the evolution with lookback time of galaxics inthe
far-infrared is principally duc to the natural evolution of their stellar populations andinterstellar
medium, without necessarily invoking dramatic starburst or A GN events. The most sophisticated
kind of model involves population synthesisusing stellar photometric and chemical evolution pre-
scriptions to model in detail the spectra] energy distributions of various galaxy types as a function
of time. The evolutionary behavior of models of this type is usually dictated by anassumed de-
pendence of the star formation rate 011 somc power of the gas mass or density. As for the purely
parametric LF translational models, the synthesis models arc matched to the flux and redshift
distributions of deep galaxy samples and then integrated to derive backgrounds.

Population synthesis modelling of evolving galaxies is a very active fieldinthe UV throughnear-
in frared bands, but it is less well developed at far-infrared wavelengths because the dust re-emission
of stellar photons is an extra dimension which most modclers have yet to tackle. Thie population
synthesis models of Mazzei, Xu and de Zotti (1992) and Mazzel, De Zotti and Xu (1993) are the
first to fully incorporate the re-emission Of starlightby dU St within galaxies. These closed box
models incorporate chemical evolution, thus at carly epochs the dust content grows with time as
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Iigure 2. optical depthin the blue from Mazzei et al. (1 992). The curves are labelled by the
initial star formation rate (Mg /yr).




The rate of change of the dust opacity is a function of the initial star formation rate, which is
largest for the earlicst type galaxies and smallest for the latest types. The behavior of 7 with time
is illustrated for several galaxytypesinlFigure2:amuchmore rapid relative far-infrared/optical-
UV evolution is expected withlookback time for early type than for late-type systems, because
the latest type systems are still reaching their peak optical depth at the present epoch. Late-
type systems in the local universe do indeed emit similar amounts of energy in the optical-UV
and the far-infrared, whereas cllipticals now emit only a very smallfraction of their energy inthe
far-infrared,

InFigure 3, 1 reproduce a figure from Mazzei and de Zotti (1993), which shows model spectral
energy distributions for a range of ages for elliptical galaxies, compared totheobscrved data for the
high redshift IRAS galaxy 1102144 4724 (sce Section 3.1 for a discussion of this object). The oldest
of these models represents a present day elliptical, and matches observations of local ellipticals well
(Mazzei et @l. 1993). Thisfigure clearly illustrates the expected very strong evolution in the shape
of the spectral energy distribution (S ED), with a far higher percentage of the total energy emerging,
al far-infrared wavelengths at carly times {han today.
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Figure 3. Evolution of the spectral encrgy distribution of an clliptical galaxy (Mazzei et al. 1993)
compared to the observed spectrum of IRAS1'10214+ 4724 atz- 2.286 (reproduced from Mazzei
andDe Z01111993). This model has a Salpeter (1955) IMI* with a lower mass limit of 0.5 Mg, astar
formation rate proportional to the gas fraction tothe ().5 power,anddust-to-gas ratio proportional
to the metallicity. The data arc from Rowan-Robinson ¢t al. (1993), Downes ef al. (1992) and
Telesco (1 993).

Two models based 011 thenaturalchemical and photometric evolution of stellar populations and
interstellar medium arc summarised in the Jower pancl of Table 1. Franceschini et al. (1991) have
used the models of Mazzei et al. to predict the cosmological Background due to evolving galaxics in
the near and mid-infrared, however in t he far-nfrared region t hey revert to a power law paramet ric
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approach similar to those discussed above. This approach is improved in Franceschiniet al. (1993),
who extend the synthesis modeling to the far-i nfrared. They obtain good fits to the local 60;:m
counts with their model, due for the most part to the strong dust evolution of early-type systems. *
Chokshietal. (1993) have used the models of Mazzei et al. (1992) to simulate deep blue and
near-infrared galaxy images, and Chokshie¢f al. (1994, in preparation) will extend their approach
to a full spectra] synthesis modelling at far-infrared wavelengths.

Wang (1991a,b) has also considered the evolution of the dust and tile far-infrared emission
from disk galaxies with timne, and their contribution to the far-infrared background. Taking an
analytical rather than a population synthesis approach, Wang clc.rives the chemical evolution for
a prompt initial enrichment (PI1l) mode] and also for an accretion model, and the subsequent
evolution of the interstellar dust, whichhe argues forms principally in mole.cular clouds. Wang
finds that the dust content of young disk galaxies canbeupto 4 times larger than today, and
the far-infrared luminosity can be two orders of maguitude greater. The PIF model predicts much
stronger backgrounds than the accretion model because it showsstrong evolution of the dust mass.

2.1 Model Results
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Figure 4. Comparison of var ious translational evolution models for the integratedlight of galaxies
to the COBE data. Hecavy solid lines - Beichman and Helou (1991) no-evolution model, 11y= 40,
q:-0.25 (lower), and density evolution model, =4, Ho:100, q= () (upper); Snort dashed line
Franceschini et al. (1991) evolving model, as summarised in Table 1; Light solid lines Treyer
and Silk (1993) no-evolution and evolving model (cquation 4); Open circles Hac king and Soifer
(1991); Solid circles - Weedman (1990).




The results of the various parametric LF translational evolution models for the infrared back-
ground emission arc summarised in Figures 4 and5. 7The Beichman andHelou (1991) models
sclected for this figure bracket all their models, andincorporate animproved treatment of the
energy distributions of local galaxies compared to the models inthe published paper (G.Helou,
private communication).

SR I I R I I A A R N A I I A I NI A A I RN
- 10 } }
TL
1]
£
9]
= 12
2
[=1()
o
-1
14
16 |||11|11//11|1|11!|1|\||||11,1111,1[1111|||||r

4 35 3 2.5 2 15 1 5 0 3
Log A (yun)
Figure 5. Comparison of Oliver ¢t al’s (1992) translational evolution models for the integrated
light of galaxies to the COBI data. Dashed lines - density evolution, z, 4o = 1.(I (lower) and
Zamas = 2.16 (upper); Heavy dashed line- exponentialluminosity evolution | ):=3.2,% 42 = 6.94; Light
solid lines power law luminosity evolution, a:z 3.15,7,2,16 (lower) and zy,4,: 5.31 (upper).

Most of the paramet ric models suinmarised in Table 1do not conflict with the current }y available
DIRBE limits, however the higher evolutionar y rates and the higher values for 7,4, are constrained
by the Jongest wavelength DIRBI limits, in particular the higher 7,4, density evolution models of
Oliver et al. are inconsistent with the DIRBE limits.

The FIR AS distortion limits provide a much stronger constraint, particularly the lower line with
t,hc.gala.ctic.foreground removedbyMatherct d.. A s noted above, however, thislimit may be too
stringent for comparison to the evolving galaxy models, since a portion of the ‘(galactic. foreground”
that has been removed by Mather et al. (1993) may be part of anisotropic extragalactic background
clue to theintegrated light of galaxics (Wright ef«l. 1993). Fven our approximate estimate of the
FIRAS limit using Wri.gilt et al.’s more conservative cscfd| galactic foregroundsubtraction constrains
the evolving models quite strongly, ruling out the paramctric power luminosity evolution models
with values of « high enough to fit the 60yam number counts (0 ~ 3 - 4 ). Thus if pure power law
luminosity evolution is the explanation for the steepness of thelocal universe 60gam number counts,
then this evolution cannot continue to cosmological distances without scverely violating the FIRAS
distortion limits. There is some evidence that power law luminosity evolution with a > 2 is also
ruled out by the redshift distributions of IRAS 60 and 1007:m-selected galaxy samples (Hacking,




and Soifer 1 991; Fisheret al. 1 992).

The power law density evolution models which can fit the 60yan number counts, f~4 - 7,
arc only consistent with FIRAS for very low values of 7, .45} %mas << 2.2 for the Oliver ¢t al.
models. This is because higher evolutionary rates are needed to fit the z<0.5 number counts using,
power law density evolution thanpower law luminosity evolution. Since this form of translational
density evolution involves a scenarioinwhich the fraction of galaxies having starbursts and/or
AGNincreases with lookback time, a low value for 2,,4, iS necessary,inany case, to prevent this
starbursting (and/or AGN) population from becoming larger than the total galaxy population
(Weedman 1990; Hacking and Soifer 1991),

The exponential luminosity evolution models fare somewhat better: both the Franceschini ¢t
al. (1991 ) model with z,,,40= 5 and the Oliver €t al. model with Zmas= 6.9, whichcan fit the local
number counts withk~ 2- 3, are consistent with the upper FIRAS line, though the Oliver et al.
model is only barely consistent with the lower of tile two IFIRAS lines. This difference from the
power law luminosity evolutioniodels is not surprising since exponential evolution was introduced
to avoid tile high-redshift divergence of power-law evolution (Rowan-Robinson 1968).

Wright ctal. (1993) fittedthe distortion limits withar < 2.3 (20) exponentialmodel base'd
on the Beichman and Helou models, after subtracting the conservative csc)b| contribution due
to the Galaxy that they do not believe likely to include a significant extragalactic component
(approximated by the upper FIRAS deviation line in figures 4 and 5). They estimate that this
translates to anupper limit on the fraction of the baryon density converted from He to Hby Such
apopulation of evolving i frared galaxies Of < 0.8%.

The fatling dwarf model of Treyer and Silk is also comfortably consistent with the IFIRAS limits,
which is not surprising given that this modecl assigns most of evolutionary effect to dwarf galaxices
at relatively low redshifts.

As noted above, all of the pure translational evolution models are limited in that they allow
only translational evolution of the entire L1 they do not allow evolution of any other physical
galaxy property, including the dust temperature. Most of them do not treat different galaxy types
separately. Given that these models are now coming into direct conflict with the COBI results.
it is clear that that the more sophisticated chemical evolution-based inodels are necessary to get a
more realistic understanding of the integrated cmission of galaxicsinthe far-infrared.Inparticular,
it is important to recognise the likely importance of strong evolution of the dust optical deptliin
carly type systems. Such models of course have their own shortcomings, most notably the fact
that they have many more physical variables than can be realistically constrained by observables at
present. h’on-the-less they represent the best approachin the Iong runsince the universe contains
these parameters, whether we call mecasure thennow or not!

Figure 6 illustrates the results of the two models based on the natural chemical and photometric
evolution of stellar populations and interstellar medium deseribed above, Thetwo 1l odels of Wang,
(1991b) shown in Figure 6 bracket all those displayed in his PPigure 2 for z;:5.Some of these models
are also strongly limited by the FIRAS distortion results, in particular the PIE models of Wang
with exponentially declining star formation rate. The conflict with the I'IRAS data would belower
for the lower z;P1lmodel of Wang (z5- 2). The accretion models of Wang arcinmore acceptable
agreement, since they show little cvolution of the dust mass with lookback time. Note thatthe
models of Wang have not been constrained to fit the observed local universe far-i ufrared number
counts, unlike the parametric translational models discussed above, and the models of Franceschini
ctal. (1993), Theopaque model of Franceschini cf al. (1993) is also marginally in condlict with
the more stringent of the two I'IRAS limits.

A constraint onthedustcontentandtemperature of young disk galaxieshasbeenderived by
IFall and Pei (199 3), who have estimated the dust density of the damped Lya systerns, which may
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bethe progenitors of present-day galactic. disks, fromthe observed reddening of quasars seen onthe
line-of-sight through the damped Lyasystems. }rom this dust density they canthen estimate the
contribution of these disks to the far-infrared and submillimeter backgroundin a simple way, with
the (unknown) dust temperature as the only important variable. They find limits on the co-moving
dust density inthe damped lLya systems of 107°< kg, < 104. Usingthethen available
FIRAS and DIRBE limits, these dust densitics translated to limits on the dust temperature in
the disks of < 601{ and < 25K for hdgust= 10G and 10-4, respectively, based on an integration
of the dampedLya systems between redshifts of 2 and 3, where they are observed. The newer
FIRAS limits of Mather ¢tal. (1993) would lower these temperature limits somewhat. This is an
interesting technique, though it is limited by definition to low optical depth lines-of-si.ght through
the foreground systems, thus cantell us little of any denser star forming regionsin young disk
galaxies. It can also tell us nothing of the dust masscsand temperatures inellipticals and SOS at
high redshift, and these are the systems that are most likely to be the most important far-infrared
cmitters at early epochs,
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Figure G. Comparison of various modcls for theintegratedlight of galaxies andprotogalaxies to the
COBE data. Heavy solid lines - Wang (1991b)2,:5 P11k model with exponentially decreasing star
formation rate (upper), 25=9 accretion model with constant star formationrate (lower). Dashed
lines  I'rant.csc]lini el al. (1 993) population synt hesis no-evolution (lower), moderately opaque
(middle) and opaque (upper) models. Light solid lines  Franceschini ¢t al. (11991) protogala xy
models with2;=4.3, A2:0.3 (1 owcl), zy:2Az= ().1 (upper).

Some additional constraints onevolving galaxy models can be sought at other wavelengths. In
the radio a strong correlation inevolutionary behavior may be expected because of the well-known
strong correlation between far-infrared andradio fluxes for most types of radio-quict galaxies (¢g.
1llclou, Soifer and Rowan- Robinson1985). A listorical ancedote is of interest here. Var-infrared
evolution studies arc presently based onIRAS data, and when IRAS was launched few people
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dreamed it would be sensitive cnough to tackle cosmol ogical questions realistically! in fact what
motivated Perry hacking to address this question for his thesis (Hacking 1987; Hacking, Condon
and Houck 1987) was the realization that if, because of theradio-infrared correlation, galaxies
evolved as much inthe far-infrared as they apparently do at e radio wavelengths (1 o< (1 4 2)~1,
Condon1984) then such strong evolution should be detectable by IRAS, eventhough it only probed
to modest redshifts (z < 0.1). The result of Hacking’s study was the conclusion that the faint IRAS
60ym counts could be fitted reasonably well with the same model that was found to best fit the
counts for thesub-millijansky radio source population (it. thenon-active galaxy radio source
population) by Condon (1 984).

Similar conclusions have beenreached by other authors Using diflerent models (eg Danesc ¢t
al. 1987; Treyer and Sil k 1993; I'ranceschini ef al.  1993), therefore it scems clear that in the
relatively local universe at least,the radio and far-infrared number counts and redshiift distributions
of non-active galaxies can be used togetherto constrain evolutionary scenarios. Unfortunately, for
cosmological background studies the radio wavelength region is considerably less interesting that
the far-infrared, as Malcolm lLongair describes eloquently elsewhere in this volume.

There has been some work addressing theimplications of evolving far-infrared bright galaxies
to the X-ray background (Weedman1990; Grifliths and Padovani1990; Lonsdale and Harmon
1991; Treyerand Silk 1993). These studies conclude that thesimplest parametric maodels which
fit the far-infrared number counts can produce 50 to 100% of t he soft X-ray background. Since
much, if notall, of the soft X-ray Background secems to be dueto AGNs, the actual contribution
from starbursting infrared-bright galaxies must beno more than50% and probably lower. T'his
constraint, is likely to prove interesting as evolving models becomenore sophisticated.

3. PRIMEVAL GALAXIES AN]) THEFAR-INFRAREDBACKGROUND

Searches at optica wavelengths for primeval galaxies using the Lyaline have not been successful.
although systematic efforts over large rangesin volume and redshift have been going on for many
years. An elusive andstillhypothetical creatureq P peval galaxy s usually defiyed by its hunters
as an carly type galaxy going though a dramatic initial star formation event, pcrha])é much like
the luminous starburst galaxies we seeinthe local universe. A good recent review of the sub ject
is given by Djorgovsky and Thompson (1 992). There are several possible explanations for this
lack of success. Onc is that primeval galaxies must lie beyond a redshift of about 10, which is the
approximate limit of large scale scarches to date, aresult that would be consistent with a baryonic
dark matter model with primeval isocurvat ure fluctuations (Peebles 1987). Alternatively, it may be
that the dark matter modelsinwhich galaxies grow muchimmorerecently by gravitationalinstability
outof a scale-invariant spectrum of primeval adiabatic density fluctuations are correct. However,
the most sensitive scarches are now coming into conflict even with the predictions of cold dark
matter galaxy formation simulations such asthose of Baron and White (1987). Finally it may be
that if primeval galaxies do exist, they are sufliciently dusty thatthe Lya photons are exting uished
and much of the energy of the objectappears at far-infrared wavelengths (eg. Kaufman and Thuany
1977, van den Bergh 1990).

T'wo recent far-infrared /submilli jneter PG models are those of Djorgovsky and weir ( 1990) and
Franceschini et «l. (1 991 ). The mmodel of Djorgovsky and Weir was act ually designed to fit t he
700pm excess emission over the CMB claimed to be detected by Matsumoto et al. (1 988). T hat
excess has now beenshown to be non-existent by COBY, (Mather et al. 1990), howeverthe 1110(1 (1
is still of interest for far-infrared bright PGsingencral. Based on t he observed spect ral energy
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distributions of the nearby far-infrared bright galaxies M82 and Arp 220, the model had a range of
possibleinitial mass functions andbursttimescales of 10 to 200 Myr. 1’he models were constrained
not to exceed the formation of a solar imetal abundance during the burst phase. The numerical
results are not directly applicable to the situation 1 ain discussing here, however Djorgovsky and
Thompson (1 992) usedthe model to conclude that the then available COBI; limits ruled out more
than a few percent of the stars in cllipticals and the bulges of spirals having been formed in dusty
PGs, unless the redshift corresponding to the epoch of galaxy formation is less than 2y=-3, and/or
the dust is unusually warm.

The mode] of Franceschinietal. (1991 ) is also based onthe spectral energy distributions of
local star forming galaxies, and they constrained the energy output to be that required to produce
a solar metalabundancein 2 x 108 years. I'heirresulting models for formation epochs of 2y= 2 and
4.3 arc showninligure 6, where it may bescen that, as concluded by 1)jorgovsky and Thompson,
FIRAS strongly limits models withevenmoderate formation redshiftsand dust temperatures like
those of local universe starburst galaxies.

3.1. IRAS¥10214-44724 - A Possible Protogalaxy

The conclusion one may draw fromthe models described above is that a scenario ill which most
galaxies went through a dusty carly phase similar to local starburst galaxies may bein conflict
withthe FIRAS limits. However, on the other side of the coin there is some recent evidence in
favor of theexistence of large amounts of dust in galaxies at carly epochs, and possibly even one
example of a dusty PG:the extremely luminous galaxy IRASY10214+ 4724 at2=-2.286 disc. overed
by Rowan-Robinsonetal. ( 19S1 ). This galaxy isarguably themmost luminous object inthe universe
with a luminosity of 10" -*Ls, (fe:1o/100km/s/Mpc; qe- 0.5),and a (lust mass estimated from
submillimeter observations of 2-.5 X 1084~ ?Mg, (Rowan-Robinson ¢t al. 1993; Downes cf al. 1992).
Fvidence for large masses of dust has also beenfoundinseveral high redshift quasars (Andreanic?
al. 1993).

The controversy over theinterpretation of 101 0214- | 4724, as for lower redshift ultraluminousin:
frared galaxies, concerns the dominant source of the extremely high far-in frared luminosity detected
by 1I{ AS. Thereislittle doubt that both aluminous starburst andanon-stellar active nucleus arc
present in the source. There is abundant evidence that 1'10214+ 4724 is a primeval galaxy under-
going rigorous star formation, including ~ 101 i 2My, of molecular gas (Solomon, Downes and
Radford 1992), a UV-to-radio continuumenergy distribution which is most simply interpreted as
a powerful star burst (Rowan-Robinson cf al. 1993; Mazzei and De Z0t1i1993), and a radio source
which is extended on a scale of about 2.5h° ! kpc (Lawrence f al. 1993). Likewise, there is
substantial evidence for ancmbedded AGN:high excitation emission lines (Rowan-Robinson ef al.
1991), and strong polarization (Lawrence efal. 1 993). Inaddition,new results from near-infrared
(rmt-frame optical) spectroscopy show [Nil]/llo and [0111 ]/110 cinission-line ratios to be typical
of those foundintype 2 Seyfert galaxics (Fisenhardt ef al. 1993).

The near-infrared (rest-frallle optical) continuummorphology observed using a25621uSh al’-
1 ay onthe Keck telescope shows at least 3 continuuin components that appear to be physically
associated over a physical scale of 250 "kpe(Matthewsetal. 1 993), suggesting asmall cluster
since cach object is more luminous in the rest frame r band than a local 1.* galaxy, and the main,
southern object has almost 100 1 inrest frame r. A lumber of faint sources (1{>21 mag)arc also
scen within 20 of tile centralsourcethatinaybe galaxiesinan associated cluster. Thisimage is
reproduced in Figure 7. The Keckresults also show thatthe brightest Ha source is now resolved 011
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a scale consistent with that of the radio source, (07.5 ~ 2.5 & 'kpc), supporting the star formation
origin for the Ha emission.

Can any protogalaxy model plausibly cxplain the tremendous luminosity of this object? It is
clearly enrichedin heavy elements already, as evidenced not only by the emission line spectrum
which includes lines of C, N, Ne and Mg, but also by the presence of the dust itself, and this
enrichment must also be explained by any plausible model. In particular, must the dust have been
created inan earlier generation of stars? If the dust was created in the envelopes of evolved stars,
as may be the case for much of the dust formed in our galaxy at the present epoch, then wc must
be sceing 1'102144-4724 at an ape of at least 1 Gyr.

Figure 7. Image of 1'10214-{ 4724 at2.2;m frommMatthews cfal. (1993). The object is justright
of center inthis 40" x 40" image.

Flbaz ¢t al. (1992) have developed starburst models for 1°'1021 4-1 4724. They found thata
model with abimodal initial mass function (IM1°) can achicve both the very high observed 1./ M g4
ratio of 750 Lg/Mgand the strong enrichment, reaching £1¢,c,0,8i > Zg and Mayst < Monetals
inless than 10°years. HamannandFerland (1993) have developed detailed chemical evolution
models for QSOs, also concluding that highmetallicities canbe reached rapidly: > 107¢ in < 1
Gyr. The model of ¥lbaz ¢ al. has a bursting component witha lower mass limit to the IMI" of
3 Mg anda star formation rate of 6200 Mg, /yr.They were unable to achieve a fit with a single
IMF. The source of the dust inthe Elbaz efal.model is not evolved stars but supernovaremnants.
While it is not known whether supernova remnants can be responsible for significant amounts of
dust formation, there is evidence that SN1987A las produced 0.1 Mg ofdust (Dwek ¢t al. 1992).
At a supernova rate of 1.25x 10- '?(1./ L. )/yr(Solomon, Radfordand Downes 1 992) for 108 ycars,
remnants like 1987A could casily produce the the estimated dust mass of 2.5 x108°M C) .

Mazzei and De Zotti (1 993) have successfully modeled the spectral energy distribution of
1'10214-1 4724 using the population synthesis inodels of Mazzei et al. (1993) (sce Figure 3). They
find a good fit at, anageof 1Gyr (for H:= 50 kmn/s/Mpc;qo= 0.5) with astar formation rate of
3 X101 Mg /yr;afit with a much younger age is also possible.  Mazzei and De Zotti show t.list
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11021444724 could plausibly fade to a z = O clliptical with bolometric luminosity less than 103
lig.

3.2. A Protogalaxy Model BasedonlRAS 1°10214-14724

The models described above for the contribution to the far-infrared background by infrared-
bright protogalaxies, those of Djorgovsky and Weir (1990) and Franceschini et al. (1991), are
based on the spectra] energy distributions of local universe starburst galaxies. 1f it is truly powered
by star formation, then 110214} 4724 provides us with the opp ortunity of using a high redshift
object with known luminosity and spectral energy distributionas a template for protogalaxics,
thus climinating the uncertainties introduced by assuming that local universe objectsare good
analogs of protogalaxies, or by adopting a model spectral energy distribution with an assumed
dust temperature and luminosity. It also allows us to avoid the large K-corrections involved in
redshifting local templates to cosmological distances.

1 have therefore developed a simple model to determinethe contribution to the far-infrared
background of a population of galaxies, forming with a protogalactic burst like that observedin
1°110214-} 4724. If a QSO contributes significantly to the luminosity of F'102144-4724 thenthie model
predictions can be treated as upper limits to the background emission unless the coeval ¢ xisten ce of
a QSO with thestarburstis a common feature in the formative stages of all ellipticals (¢f. Hamanun
and Ierland 1993 and references therein).
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Figure 8. Protogalaxy model predictions compared to the COBE data. Baseline model of Table
2 (heavy solid line); other lines show cffects of changing other parameters: redshift range (light
solid lines):2y=5-10, 2 - 10, 1.5- 2.5;cosmology (snort dashed lines): Q=0 andlg= 100 (upper
line) and 50 (lower line); LI® (long dashed lines): Ta v ma nn ¢t al (lower line), Franceschini ¢t
al. (middle line), Efstathiou ¢f al. (v pper line  includes disk galaxies); f (dot-dash lines): f: 50
(upperline), f= 100 (lower line).




~ Table 2: Protogalaxy Moglﬁel Based onIRAS 1102144 4724

“Parameter  Range Considered Bascline Model
BRI 50, 100 50

Q 0,1 !

2y 1.5-10 2-5

At 1.0 to 2.0 x108 yrs 108 yrs

f 10-100 10

Luminosity Shanks ef al. 1990, ks only Shanks etal. 1990

Function fstathiouct al. 1988, all galaxies

Franceschini et al. 1988a, I's only
Tammannet al. 1979, s ouly

Cluminosity Fanction ¢ M a
(Mo=100) . (§/ Mpc™ 3) (mag.)
Shanks et al.1990 "0.0096 -19.00  -0.07
Ifstathiouct al. 1988 0.0156 -19.68  -1.7
Franceschini el al. 1988a 0.0032 -19.60  -1.0
’J‘amn.li.l_m ct al. 1979 . 0,0031 -19.45  -0,77

Tassume all galaxies have anSED of simnilar shapeto 1’10214+ 4724, Galaxies are assigned
Juminosities according to a luminosity function. The variable parameters of the model arc the cos-
mology, the formation redshift zy, the burst duration é¢, the luminosity function, andthe factor,
S.by which 1102144 4724 is assumed to be brighter or fainter thanthe characteristic luminosity
at the knee of the luminosity function, lro1214 = f 1*) where the luminosity function is given by
¢(1ydl =" (1 [ 12)e- LIL* q(1./17) (Schechter 1976). Here ¢* is the characteristic space density.
Four different local luminosity functions were considered. Note thatusing a local luminosity func-
tion to define the distribution of galaxy luminositics at high redshift is equivalent to adopting a
mnass function, as long as the evolutionary behavior withlookbacktime of thel./M ratio does not
vary greatly with galaxy mass.

The range of parameters considered is givenin Table 2. For most models the luminosity func-
tion was restricted to elliptical galaxies only, since spirals arc not expected to have formed with
a dramatic initial burst. Thefactor f was restricted to 10 or higher because 11°' 1021444724 is un-
doubtedly a very rare and unusually luminous object. Istimates for the expected surface density
of protogalaxies areinthe range 103 to 10° per square deg ree, depending 011 the cosmology, thic
epoch of formation and the duration of the bright phase (eg. Djorgovsky and Thompson 1992).
¥rom the detection statistics we can estimate asurface density of objects like 1'10214-{ 4724 of 1.5
X1 0O-3 pcr square degree; allowing a factor of 410 onthis estitnate since the statistics are very
c.rude (only one object has been detected, and that very close to the detection limit of the IR AS
survey) it follows thatl objects like 1'1021444724 are at least 10° timnes less numerous that “cypical”
primeval galaxies. Jor a Schechter LY, this translates roughly to f >10.

I'ull details of themodel are giveninLonsdale (1994, in preparation). Figure 8 summarises the
results of the models compared to the data of Figure 1. Pigure 9 illustrates the blue and K-band
number counts for the model population of 11 0214-like protogalaxics, comparedto observational
data.

The low £ protogalaxy models shown in Figure 8 are in conflict with the I'TRAS limits. The 2= 1
models are mostly consistent with FIRAS except the model using the Franceschini et al. (1988a) LY




including all galaxies (not only ellipticals), whichisin conflict withthe morestringent FIRAS limit,
and the high redshift range model which is only marginally consistent withthe stringent limit. None
of the models arein conflict with the current DIRBIY, observations. Thercfore, basicaly the entire
range of parameter spacethat has been explored is allowed for a high € universe. Anacceptable
fit for a low Q universe would require 2y=5 or Jower, and/or f < 10, and/or a burst duration
shorter than 2 X10°yrs.

The number count predictions are small compared tothe observed counts, therefore it is not
surprising that only one object like]'l 0214-1 4724 has so far been discovered by serendipitous
spectroscopic follow-up studies of faint field galaxies, Systematic surveys of 2.2pmm-sclected objects
inthe15 to 181 magnitude range, where suchiobjects could account for 10% of the sample, might
bethe most fruitful.

To summarise, the main result of the model presentedlhiereisthatit is quite possible that a large
fraction of the light of forming galaxies is hidden inthe far-infrared wavelength region. Thompson
and Djorgovsky (1992) and Franceschini et al. (1 991) concluded from their models that to hide
galaxy formation inthe far-infrared would require quite low values of 2f(zy< 5)and/or warm dust
temperatures. Both of these require.memts are the result of the I'IRAS limits. The 1'10214-14724
model is consistent with these results because this object does indeed contain relatively warm dust:
Downes et al. (1993) derive a dust temperature of 801{ for the far-infrared /submillimeter emission.
Thus this model demonstratesthe plausibility of a significant background from protogalaxicsin the
far-infrared most convincingly since it bascd on the real SE1) of a dust-rich , star-forming galaxy
with known luminosity at a known (cosmological) redshift, rather than on a local universe analog,
or a theoretic.al thermal spectrum. In particular,the A > 100pm spectral shape, which is a critical
constraint compared tothe FIRAS observations, hasbeen directly measured for this object.
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Figure 9. Blue and K-band galaxy nummber counts compared to the prediction from the bascline
protogalaxy model (see Table ‘2). Thereferences to the data canbe found in Chokshiet al. (1993).




4. THE FUTURE IN SPACE: DIRBE, 150 ANI) S]I{ '3']"

Where dowegonext to test these ideas? Obviously we anxiously await the revised, foreground-
subtracted, DIRBE limits: if the team is abletoreliably subtract the foregrounds to levelsapproach-
ing the design sensitivity of #1, =107 W cn *sr- '(Boggess et al. 1992), which is about 1% of
the foreground emissions, then they canexpect to detect or rule out most of the predicted contri-
butions to the background by evolving galaxies and infrared-bright protogalaxicsshown in Iigures
4, 5,6 and 8.
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Figure 10. 1S0 and SIRTI background-limited point source sensitivities, 50 in 500 seconds (upper
andlower solid lines, respectively) (1. Youug, private communication), compared to the IRAS JMaint
Source Catalog sensitivity limits (90% completeness limits for the most sensitive 10% of the sky;
filled triangles), and to IRAS 1"10214-{ 4724 movedto aredshift of 10 (1= 50, §2: 1).

Although the nineties was heralded as the decade of the infrared by the Bahcall committee, the
poor funding situation at presenthasdelayed our hopes for the next generation US infrared mission,
SIRTF,intothe next century. Mcanwhile the Buropean sate’llitc 1S() is ductolaunchinlate1995.
Both1SO and SIRTY are observatory class instruments, differing from the survey instrumentsIRAS
andCOBE inhaving smal beamns and fields-of-view. Thus they are optimised for point source work
and fluctuation analyses much more thandirect backgroundimeasuremnents, although S11{’1'1" may
be able to matchthe surface brightness sensitivity of 1)11{ 111'; with considerable work. SIRT'I will
be especially important for cosmological studies because its detector technology will be frozen at a
much later elate than that of 1S(), and becauscit hiaslarger arrays than 1S0. Figure 10 compares
the expected point source sensitivities of 18() and SIRTH comparedtoIRAS17102144 4724 removed
toz: 10.

SIR'T'Y may hope to resolve all of any backgroundthat DIRBI may detectinthe near-il~frarc(]
window near 3pm. A calculation by F. Wright (M. Werner, private communication) shows that
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the minimum expected integrated intensity at 3.5 due to galaxies is aboutvl, = 3.4x10-13
W /cm?/sr. This is derived from the measured extragalactic number counts at 2.2yun (Gardner e
al. 1993), assuming atemperaturc-of 2000K to estimate the 2.2;un-3.54m color. Comparing this to
the hoped-for ultimate D IRBE sensitivity of about 10 *W/cm?/sr it is clear that the background
due to this known population will be detected by DIR BE. At anintensity of 3.4x 10713 W/cm?/sr,
thenumber of faint galaxies per 0.7 degree DIRBE beam is about 1.2 X 10°, giving an average
separation of 10 arcsec. This is within reach of the 1 arcsec beam of SIRTY to resolve. To reach the
required limit of 21.6 msg. at 3.5pm with SIRTI will require an integration time of about 10,000
seconds.

A similar calculation at 60m based on alocal 6072 luminosity function and exponential
evolution with k=1 5 Ho=75, indicates that about G0% of the predicted background above an
aunticipated D IRBYF limit of about 2x10-'% W cm?sr'! will be resolvable by SIRTF, assuming, a
SIRT)® confusion limit of shout 0.1 mJy at this wavelength (Wright 1993).

Franceschinief ¢l. (1991) have calculated the fluctuations expectedinthe 0.7 degree DIRBE
beam due to their mode] evolving galaxy populations. Fluctuations Al, /1, range from 2% at
280/un, through 4-7% at 25 to 100;am and rise to 50% at 2.21/in. These high values at short wave-
lengths arc dominated by bright stars inthe galaxy. The main limitation at the longer wavelengths
will be confusion noise due to galactic cirrus emission (Gautier ¢f al. 1992).

5. CON CLUSIONS

The very sensitive new FIRAS CMB-deviation limits severly constrain parametric translational
models for galaxy evolution at wavelengths longer than 500pm. It follows that the evolutionary
rat es for in frared-bright galaxies impli ed by such m odels in the local uni verse cannot contin ue to
cosmological redshifts for the class as a whole, unless exponential luminosity evolution is adopted.
Most likely the current generation of parametric models is too simpleinapproach to adequately
model this complex situation; in particularthe likely stroug evolution of the dust coutent of carly
type galaxies isnot taken into account by these models.

Theanalytical chemical evolutionmodels of Wang (19914a,b) address the evolution of the dust
content. lis accretion models arc not in conflict with the current COBIE limits but the prompt
initial enrichment model is closely constrained. Similarly, the models of Franceschinietal. (1993).
which arc based on the closed box population synthesis models of Maz zei et al. (1992, 1993) incor-
porating chemical and dust evolution, arc presently consistent with, but close to being constrained
by, the COBE data. The siinulations of deep galaxy ficlds of Choksli et al. (1994, in preparation),
w hich are also based on },¢ population syn&‘]n(ssis models of Mazzei et of. (1 993), arealso [ikely to
provideinteresting constraints (sew Chokshiet al.1993).

The FIRAS limits also constrain models for infrared-bright protogalaxies. If asignificant frac-
tion of the light created in primeval galaxies emergesinthe far-infrared due to largedust optical
depths then the FIR AS fimits restrict the epoch or formationtoz < 5 for low Q,and/or require
relatively warm dust temperatures. A model based on the luminous, warm, z: 2,286 IRAS galaxy
1'10'21 4+ 4724 can satisfy theserequirements.

DIR BE will beable to detect. the backgrounds expected from evolving galaxies and from
infrared-bright protogalaxics, unless these objects are much less dusty than the models assume.

1S() and SIRTF will be able to detect objects like 1'1021,1-14724 toredshifts approaching10.
SIRTT will be able to resolve all of any background that DIRBI, can expect 1o detect at 3 microns.
andmost of a DIRBE background at 60ym.
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